1. Introduction {#sec0005}
===============

In late December 2019, Wuhan, China, got attention worldwide after getting several patients diagnosed with pneumonia, following a viral infection. On 11th February 2020, the pathogenic strain of the virus was taxonomically designated as \"Severe Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)\", by the International Committee on Taxonomy of Viruses (ICTV). The associated diseased condition was termed COVID-19 by the World Health Organization (WHO) \[[@bib0005]\]. The WHO announced SARS-CoV-2 virus infection a pandemic as it infected nearly 9 million persons, and engulfed more than 460,000 worldwide \[[@bib0010]\]. SARS-CoV-2 is a member of β coronaviruses, consisting of ∼30 kb single-stranded positive-sense RNA as genetic material \[[@bib0015]\]. It shows 79 % genetic similarity between another human coronavirus, i.e., SARS-CoV, while 98 % similarity with bat coronavirus RaTG1 \[[@bib0020]\] and shares a high similarity index with pangolin coronavirus \[[@bib0025]\]. Respiratory droplets are the primary source of viral transmission either through nasopharyngeal or oral route. Dry cough and high fever are the significant symptoms observed in patients within 11--15 days following viral infection. The disease pathophysiology of COVID-19 also shows a close resemblance with previous reported SARS-CoV virus-associated respiratory disease.

The majority of respiratory viral infections are associated with the recruitment of immune cells, the release of pro-inflammatory cytokines, oxidative stress, and finally, phagocytosis of the infected cells \[[@bib0030]\]. However, in the case of SARS-CoV-2 infection, aggressive inflammation and oxidative stress help in viral replication and damage the airway epithelium cell that results in acute respiratory distress syndrome (ARDS), which makes the condition worst. Glycogen synthase kinase-3 (Gsk-3) is a serine/threonine evolutionary conserved central molecule that mainly participates in cell proliferation, migration, development, apoptosis, and immune regulation (acquired and innate). Activation of Gsk-3 is associated with suppression of host immunity and inhibition of antioxidant response \[[@bib0035]\]. It is also supporting viral genome replication within the host cell in disease progression \[[@bib0040]\]. The present review provides an in-depth knowledge of oxidative stress, inflammation, and viral replication related to Gsk-3 during SARS-CoV-2 infection. Further, the review highlights the Gsk-3 pathway modulators\' putative role as therapeutic interventions in combating the COVID-19 pandemic.

2. Gsk-3 structure {#sec0010}
==================

Gsk-3 is a versatile serine/threonine kinase that regulates glycogen metabolism. It consists of two isoforms, Gsk-3α, and Gsk-3β, encoded by two separate genes \[[@bib0045]\]. Both the isoforms share 98 % sequence similarity between kinase domains, despite they never compensate for each other\'s\' loss of function. Gsk-3 has two prime functional domains, a substrate-binding domain, which acquires substrates to Gsk-3, while the other kinase domain is responsible for phosphorylation of the substrate \[[@bib0050]\]. The N-terminal region of Gsk-3 contains ATP binding domain, whereas the C-terminal region consists of a large conserved \"activation loop\" responsible for the enzyme\'s full activation \[[@bib0035],[@bib0055]\]. Activation of Gsk-3 depends on the site-specific phosphorylation that is controlled by various kinases \[[@bib0035]\]. Gsk-3 prefers pre-phosphorylate substrate by recognizing consequence sequences S/T-X-X-X-phospho-S/T on substrate \[[@bib0060]\]. Gsk-3 is also involved in Wnt/β-catenin and Sonic hedgehog cell signalling pathways mediating in cell proliferation, differentiation, maturation, and cell adhesion \[[@bib0065]\]. Transcription factors (c-Jun, CREB, STAT3, C/EBPα, NFAT, myc, NF-κB, and p53) are the major substrate of Gsk-3 that can manipulate the expression of several other genes \[[@bib0070],[@bib0050]\]. Impaired activity of Gsk-3 has recognized in several clinical conditions, such as Metabolic disorders, Cancers, Alzheimer\'s disease (AD), Parkinson\'s Disease (PD), Bipolar disorders, and various other neurodegenerative diseases \[[@bib0065],[@bib0075]\].

3. SARS-CoV-2 infection and inflammation {#sec0015}
========================================

The severity of symptoms and death in SARS-CoV-2 infected patients depends on the viral infection and is greatly affected by the aggressive behaviour of the host immune system. COVID-19 patients\' systemic cytokine profile shows a close resemblance with cytokine release syndrome, characterized by macrophage activation, an elevated level of cytokines like tumour necrosis factor-alpha (TNFα), interleukin-6 (IL-6) and interferon-gamma (IFN-γ) \[[@bib0080]\]. Further, elevated levels of these cytokines trigger ARDS, characterized by a low level of oxygen in blood and difficulty in breathing, leading to the death of the infected patients \[[@bib0085]\]. Previous data on SARS-CoV demonstrated that the virus predominately affects the endothelium cells of the airway, alveoli, vascular system, and macrophages in the pulmonary organ. SARS-CoV-2 employs the same host receptor angiotensin-converting enzyme 2 (ACE2) for infection, like SARS-CoV, indicating that both the viruses target the same set of cells for infection \[[@bib0090]\]. The expression of the ACE2 receptor is reduced in the lungs following SARS-CoV infection \[[@bib0095]\], disrupting the renin-angiotensin system that affects fluid/electrolyte balance, blood pressure, increases the vascular permeability and inflammation in the airway.

In counter-defence, the virus encodes numerous immune-suppressive proteins that help it to evade from host immune response \[[@bib0100]\] and helps in replication. Similarly, to counter such problem, SARS-CoV-2 evolves with numerous structural and non-structural proteins that act as an antagonist of interferon signalling. Interruptions in interferon signalling happened at various stages, (1) preventing the recognition of viral RNA through pattern recognition receptor (PPR), (2) inhibiting the synthesis of type I interferon protein via interrupting the toll-like receptor-1 (TLR-1) and retinoic acid-inducible gene I (RIG-I) signalling, (3) disturbing STAT-1 signalling \[[@bib0105]\] and (4) initiating the host mRNA degradation and interrupting host translation machinery \[[@bib0110]\] ([Fig. 1](#fig0005){ref-type="fig"} ).Fig. 1Mechanism of inflammation during SARS-CoV-2 infection.Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) invade host cells with angiotensin-converting enzyme2 (ACE2) receptors present on the cell surface membrane. Virus nucleocapsid (N) protein hijack the host interferon type-1 signalling for the successful replication, transcription, and new viral progeny. Infected host cells undergo pyroptosis and release numerous proinflammatory cytokines (IL-6, IL-2, and TNFα) DAMPs and PAMPs. These free contents recognized by the neighboring cells and proceed with the same process of pyroptosis by using the NLRP3 receptor and also trigger the proinflammatory cytokines synthesis by TLR4-Nf-κB pathway. Monocytes (transform later into macrophage) and T-lymphocytes are attracted to the infected site and promote further pro-inflammation events, resulting in cytokine storm damage to the lung and other oranges in the body.**TLR4:** Toll like receptor 4; **Myd88:** Myeloid differentiation primary response 88; **IL-1β:** Interleukin 1 beta; **IL-18:** Interleukin 18; **DAMPs:** Death- associated molecular pattern; **PAMPs:** Pathogen-associated molecular pattern; **NLRP3:** Nucleotide-binding domain (NOD)-like receptor protein 3; **ASC:** Apoptosis-associated speck-like protein containing a CARD; **IL-6:** Interleukin 6; **IL-2:** Interleukin 2; **TNFα:** Tumor necrosis factor alpha; **STAT:** Signal transducer and activator of transcription; **JAK:** Janus kinase.Fig. 1

At the time of replication, cytopathic viruses, including SARS-CoV-2, show a massive death and injury of the infected epithelial and endothelial cells, triggering the excessive release of cytokines and chemokines \[[@bib0090]\]. In addition to this, inflammation-induced cell death-pyroptosis also observed in SARS-CoV-2 patients that further provoke the systemic inflammatory response. Pyroptosis signalling proceeds via NOD-like receptors protein 3 (NLRP3) present on the cell membrane, activate caspase-1 through ASC (Apoptosis-associated speck-like protein containing a caspase recruitment domain) adaptor protein. Activated caspase-1 further triggers the synthesis of proinflammatory cytokines such as IL-1β and IL-6 ([Fig. 1](#fig0005){ref-type="fig"}) \[[@bib0115]\]. These cytokines further attract the other immune cells, mostly T-lymphocytes and monocytes, at the site of infection \[[@bib0120],[@bib0125]\]. Bronchoalveolar lavage (BALF) fluid from the sever COVID-19 patients showed CCL2 and CCL7 chemokines, which require the recruitment of CCR2^+^ monocytes \[[@bib0130]\]. Further, BALF analysis also revealed a highly inflammatory population of monocyte-derived FCN1^+^ macrophage \[[@bib0135]\]. In addition to these responses, sever cases of SARS-CoV-2 infection also disclose a significant expansion in the population of proinflammatory monocytes CD14^+^ and CD16^+^ in the peripheral blood, as compared to mild cases \[[@bib0140],[@bib0145]\].

Around 80 % of SARS-CoV-2 infected patients show lymphopenia-infiltration of lymphocyte and immune cells\' requirement at the site of infection \[[@bib0150],[@bib0155]\]. In most of the patients, these recruited cells clear the infection recedes the inflammatory response, and leads to recovery. However, some patients show cytokine storms because of an imbalance in the immune cascade that further inflames the lungs. SARS-CoV-2 infected patients also show alleviation in the T cell population, which is more noticeable in severe cases. The level of helper T cell (CD4^+^), cytotoxic T cell (CD8^+^), and regulatory T cell were below the average level in severe cases of COVID-19, as compared to mild cases \[[@bib0155]\]. CD8^+^ T cells directly attack and kill the virus-infected cells, while CD4^+^ participates in the production of cytokines to recruit other immune cells. At the same time, regulatory T cell maintains the normal immune homeostasis, along with inhibition of proliferation, the proinflammatory activity of maximum lymphocytes, natural killer cells, and B-cells ([Fig. 1](#fig0005){ref-type="fig"}).

Severe hospitalized COVID-19 patients\' blood plasma exhibits a higher level of granulocyte colony-stimulating factor (G-CSF), IL-2, IL-6, IL-10, monocyte chemoattractant peptide (MCP)-1), macrophage inflammatory protein 1α (MIP1α) and TNFα \[[@bib0160]\]. The blood plasma of the infected patients shows a significantly higher level of IL-6 in severe cases compared to mild or non-severe cases, which further contributes to macrophage activation syndrome \[[@bib0155]\]. Pulmonary infiltration-based assessment in ARDS patients also revealed that a more significant portion of lung injury is associated with a higher level of IL-6 in peripheral blood \[[@bib0165]\]. All of this evidences suggest that SARS-CoV-2 infection is responsible for dysregulation of the host immune system with the abnormal synthesis of cytokines, chemokines, and a decrease in the level of lymphocytes that ultimately leads to cytokine storm responsible of multi-organ failure.

3.1. Role of Nuclear factor-κB in disease progression {#sec0020}
-----------------------------------------------------

Nuclear factor-κB (NF-κB) is the leading player that responds immediately following the pathogen\'s invasion by promoting inflammation, controlling cell proliferation, and survival. NF-κB is a heterodimeric transcription factor that belongs to the Rel protein family. There are 05Rel proteins present in mammalian cells that further divided into two classes. RelA (p65), RelB, and c-Rel are grouped in first-class, characterized by the presence of transactivation domain, while NF-kB1 (p50) and NF-kB2 (p52) belongs to the second group that is devoid of transcriptional-modulation activity. So, both the classes of proteins need to be heterodimerized with each other to perform their functions. Under normal physiological conditions, RelA and p50, the heterodimer\'s predominant form is inactivated in the cytoplasm by IkB protein \[[@bib0170]\]. A pathogenic stimulus provoked by a bacteria or a virus invasion, exposure of mitogen, proinflammatory cytokines, growth factors, and stress, activates IkB Kinase (IKK), which further phosphorylates and degrades IkB protein via ubiquitination process \[[@bib0035]\].

Excessive cytokine release (especially IL-6) plays a crucial role in SARS-CoV-2 infection and further progression of pathogenic conditions \[[@bib0175],[@bib0180]\]. NF-κB is a transcription factor that controls the expression of proinflammatory genes responsible for the cytokine storm. A study suggested that the nucleocapsid protein of SARS-CoV directly interacts with NF-κB, translocate it to the nucleus, and finally upregulates IL-6 gene expression \[[@bib0185]\]. Ample of shreds of evidence is there that shows SARS-CoV directly or indirectly activates NF-κB protein, following infection \[[@bib0190], [@bib0195], [@bib0200]\]. NF-κB also activated by receptors present on the cell surface membrane-like, Toll-like receptor 4 (TLR 4). Pathogen associated molecular pattern (PAMP) and Death associated molecular pattern (DAMP) are inflammatory, stimulating molecules released by virus-infected cells, which act as ligands for TLR 4, subsequently activating NF-κB protein via MyD88-dependent pathway \[[@bib0035]\]. Oxidative stress is another important factor responsible for cytokine storm generation via cross-talk between Nuclear factor erythroid 2-related factor (Nrf2) and NF-κB pathway. NF-κB suggested as a negative regulator of Nrf2 driven genes, either by recruiting histone deacetylase 3 (HDAC3), which promote local histone hypoacetylation or deprive the CBP (CREB binding protein) ([Fig. 1](#fig0005){ref-type="fig"}) \[[@bib0035],[@bib0205]\].

4. SARS-CoV-2 infection and oxidative stress {#sec0025}
============================================

Oxygen is a crucial molecule in the aerobic system to maintain normal life processes. Under normal cellular conditions, the oxygen molecule utilized to generate chemical energy in the form of ATP in a very tight and controlled manner. The oxygen molecule combustion generates a small number of reactive oxygen species (ROS), which utilized for usual cell signalling cascades. ROS are oxygen molecules with an unpaired electron that behaves as free radicals and reactive metabolites. Several ROS forms were discovered so far, such as peroxidase, oxygen-free radicals, nitrogen oxide, and singlet oxygen molecules \[[@bib0035]\]. Generally, ROS associated cellular damage is processed via sophisticated antioxidant machinery, involving both enzymatic (Catalase (CATs), Superoxide dismutase (SODs), and glutathione peroxidase (GPx) and non-enzymatic (Glutathione and nicotinamide adenine dinucleotide phosphate hydrogen \[NAD(P)H\] mechanisms \[[@bib0035]\]. In normal physiological conditions, the antioxidant systems can work simultaneously to combat the exceeded levels of ROS. However, in a pathological state, ROS overwhelmed the antioxidant mechanism and generated "oxidative stress" in cells. All the crucial cellular components such as proteins, lipids, nuclear, and mitochondrial DNA get degraded under the influence of oxidative stress, subsequently triggering the process of cell death.

The available literature of clinical and preclinical experiments proposed that oxidative burst is another prompting factor for mortality following SARS-CoV infection \[[@bib0210],[@bib0215]\]. SARS-CoV-2 infection activates the host airway epithelium and alveolar macrophage, further releasing cytokines to attract another immune cell from the blood (Neutrophils and monocyte that further differentiate into macrophage) at the site of injury. Recruitment of these cells ensures the clearance of the virus, but due to imbalanced host immune system, they also start to release excessive cytokines that further aggravate to cytokine storm. The recruited phagocytic cell participates in ROS generation, along with inflammatory response \[[@bib0215]\]. Nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidase) and xanthine oxidase (XO) are the two well-known enzymes responsible for oxidative stress in respiratory viral infections \[[@bib0220]\]. NADPH oxidase (NOX) is an evolutionary conserved, membrane-bounded enzyme complex that catalyzes the molecular oxygen into superoxide \[[@bib0220]\]. Human's NADPH oxidase family consists of 7 members, NOX1−5, DUOX1, and DUOX2 \[[@bib0225]\]. Its C-terminal region comprises NADPH binding site, flavin adenine dinucleotide binding domain, while the N-terminal region consists of 6 transmembrane α helical domains, with four conserved heme-binding sites \[[@bib0225]\]. NOX2 is predominantly expressed in the recruited phagocytes (neutrophils and macrophages) at the viral infection site and contributes to oxidative stress \[[@bib0230]\]. A study reported that alveolar macrophage depended oxidative stress is responsible for acute lung injury progression following H5N1 viral infection in mice, mostly via oxidized phospholipid and superoxide. However, the same pathological events reduced following the suppression of p47phox, a regulatory subunit of NOX2 \[[@bib0095]\]. In a study, Influenza A virus-infected NOX2-/y mice showed reduced oxidative stress, improved alveoli epithelium condition, less production of superoxide, and reduced airway inflammation compared to wild type mice ([Fig. 2](#fig0010){ref-type="fig"} ) \[[@bib0230]\].Fig. 2Possible mechanism of oxidative stress in COVID-19 patients following SARS-CoV-2 infection.Proinflammatory cytokines and chemokines are released by the SARS-CoV-2 infected cells, to attract the phagocytes. Airway epithelium and phagocytic cells (Neutrophils and Monocyte derive macrophage) carry different isoforms of NOXs, which trigger the generation of superoxide ions during cellular stress condition and directly participate in oxidative stress. Xanthian oxidoreductase (XOR) is also transformed into xanthine oxidase (XO) during stressed cellular environments and triggers ROS generation by metabolizing hypoxanthine. Tumour necrosis factor (TNF) also enhances oxidative stress by initiating the NF-κB pathway and inhibiting the complex II of the electron transport chain.**TNF:** Tumor necrosis factor; **TNF-R:** Tumor necrosis factor receptor; **ATP:** Adenosine triphosphate; **XOR:** Xanthine oxidoreductase; **XO:** Xanthine oxidase; **ARE:** Antioxidant Response Element References; **Nf-κB:** Nuclear Factor kappa-light-chain-enhancer of activated B cells; **O~2~:** Oxygen molecule; **O^.−^~2~:** Superoxide anion.Fig. 2

Similarly, ex vivo influenza A virus-infected alveolar macrophage exhibited an increase in superoxide synthesis via NOX2 enzyme complex \[[@bib0235]\]. Xanthine oxidase (XO) is another ROS generating enzyme that participates in oxidative stress, following respiratory viral infection. In the mammalian system, this enzyme is existing in interchangeable form between XO to Xanthine oxidoreductase (XOR) \[[@bib0035]\]. XOR is predominantly distributed in healthy tissues and reduces NAD^+^ to NADH by utilizing electron form substrate. While during inflammation, XOR is converted into XO by oxidation of cysteine amino acid or calcium-dependent proteolysis. XO shows more affinity toward molecular oxygen, resulting in the transfer of a univalent and divalent electron to oxygen that further generates superoxide and hydrogen peroxide, respectively ([Fig. 2](#fig0010){ref-type="fig"}) \[[@bib0240]\]. In vitro rhino virus's infection in primary bronchial and A549 respiratory epithelial cell lines decreased the intracellular glutathione (GSH) level, leading to oxidative stress via enhanced superoxide production. Serine protease inhibitor or XO inhibitor, oxypurinol treatment enhanced the intracellular levels of GSH, and decreased superoxide generation, thus revealed that XO also participates in oxidative stress during infection \[[@bib0245]\]. In vivo analysis also revealed that XO is the main contributor to superoxide synthesis during a respiratory viral infection. Mouse infected with influenza viral showed a higher mortality rate, which found to be associated with XO and superoxide in BALF and serum analysis. However, allopurinol and chemical modified superoxide dismutase decreased the oxidative stress and mortality rate \[[@bib0250]\]. This evidences revealed that XO also participates in the viral associated disease progression via oxidative stress. A part of these activated phagocyte releases pro-oxidant mediators such as TNF and IL-1, which further enhances the oxidative stress in host cells during viral infection. TNF binds with the complex II of the mitochondrial respiratory chain, hampering oxidative phosphorylation via restricting electrons transport. As a result, the electron transport chain becomes leakier, and lastly, it enhances superoxide production \[[@bib0255]\]. TNF also helps in detachment of Nf-κB protein from IKB complex, resulting in suppression of antioxidant gene expression via binding to their promoter region following translocation from the cytoplasm to the nucleus \[[@bib0260]\] ([Fig. 2](#fig0010){ref-type="fig"}). During stress condition, neutrophils also release lactoferrin along with lysosomal protein under the influence of IL-1, which further binds to iron and start to accumulate in the reticuloendothelial system. When an iron-binding threshold reached, superoxide ions combine with free iron to generate hydroxyl radicals via Fenton reaction and enhances oxidative stress \[[@bib0265],[@bib0270]\].

4.1. Nrf2 a key regulator of antioxidant genes {#sec0030}
----------------------------------------------

Nrf2 is the main transcription factor that plays an important role to overcome oxidative stress. It is a basic leucine zipper (bZIP) protein that belongs to the cap 'n' collar family of transcription factors. Nrf2 consist of 6 highly conserved functional domain termed as Neh 1--6 (Nrf2-ECH homologies 1--6). Neh1 is a leucine zipper domain through which Nrf2 interact with other transcription factors, whereas Neh2 is the Kelch-like ECH associated protein 1(Keap1) binding domain \[[@bib0275]\]. Keap1 is a cystine rich and cytoplasmic protein, whose N-terminal domain binds with Cul3-dependent E3 ubiquitin ligase complex, while C-terminal domain binds with Nrf2 protein. Under normal physiological conditions, Keap1 protein ubiquitinates the Nrf2 resulting in its proteasomal degradation \[[@bib0275]\].

However, during stress conditions Nrf2 detached from the Keap1 protein, translocate to the nucleus, heterodimerize with small musculoaponeurotic fibrosarcoma (MAFs) proteins, and finally initiate or supress the transcription of genes that consists of electrophile response elements (ERE) or antioxidant response elements (ARE) in their promoters \[[@bib0035]\]. Nrf2 regulates more than 500 genes expression belonging to oxidative stress, inflammation, autophagy, metabolism and excretion \[[@bib0275]\]. The pulmonary system is more exposed to oxidative stress because of its highly vascular nature and indirect contact with environmental oxidant, which had already proven in numerous of respiratory disease. It was found that, lung-specific *Nrf2* conditional knockout rodents showed pulmonary protective behaviour in respiratory disorders \[[@bib0280]\].

5. Systemic oxidative stress and inflammation linked thrombus formation in SARS-CoV-2 infection {#sec0035}
===============================================================================================

Abnormal coagulation, a higher level of D-dimers, and low platelet count are the signs of poor prognosis and significant reasons for multiple organ failure and death in severe cases of COVID-19 \[[@bib0285],[@bib0290]\]. Microthrombus had reported in the lungs, the heart, the kidneys, and the brain of COVID-19 patients \[[@bib0295],[@bib0300]\]. Cytokine storm induces aberrant coagulation by expressing the tissue factor (TF) pathway \[[@bib0305],[@bib0310]\]. TF is a member of cytokine receptor superfamily and type I integral membrane glycoprotein, which is highly abundant in the vasculature sub-endothelium, especially in the brain, lungs, gut, skin, as well as in the monocytes. In response to proinflammatory cytokines, especially IL-6, the expression of TF is upregulated in the monocytes and the perivascular cells, resulting in TF exposure to circulation \[[@bib0315],[@bib0320]\]. The exposed portion of TF forms a complex with circulating factor VII, thus enhance its catalytic activity that further activates downstream circulating factors, such as IX and X. Activated factor X participates in the transformation of prothrombin into thrombin, that finally leads to the formation of blood clots by conversion of fibrinogen into fibrin \[[@bib0325],[@bib0330]\] ([Fig. 3](#fig0015){ref-type="fig"} ).Fig. 3Mechanism of hypercoagulation in COVID-19 patients following SARS-CoV-2 infection.During systemic inflammation, circulating pro-inflammatory cytokines can activate and triggers the expression of tissue factor (TF) on the circulating monocytes and endothelial cells. Exposed TF form complex with circulating factor VII (TF-VII complex) and initiate the coagulation pathways by triggering the downstream process. TF-VII complex also activates the platelets via the PAR signalling pathway and helps in binding on the endothelial cells via von Willebrand factor-aIIb/b3receptors interaction, resulting in platelets aggregation. Neutrophils also bind with the activated endothelial and release the neutrophil extracellular trap, which activates the coagulation cascade, binds with the platelets, and further enhances the coagulation pathway. Activated endothelial cells also synthesize and express monocyte chemoattractant and cell adhesion molecules. Activated monocyte recruited on the endothelial, release pro-inflammatory cytokines and monocyte--derived microvesicles, which further provoke the coagulation process.**DAMPs:** Death- associated molecular pattern; **PAMPs:** Pathogen-associated molecular pattern; **TLR4:** Toll like receptor 4; **Nf-κB:** Nuclear Factor kappa-light-chain-enhancer of activated B cells; **IL-6:** Interleukin 6; **PAR:** Protease-activated receptor; **PSGL:** P-Selectin glycoprotein ligand-1; **ADP:** Adenosine diphosphate; **TF:** Tissue factor; **vWF:** von Willebrand factor; **aIIb/b3:** Glycoprotein IIb/IIIa.Fig. 3

Platelet activation, different proinflammatory events, and fibrin clot formation are the main consequences of the cytokine storm that also provokes thrombin production via protease-activated receptors (PAR) signalling pathway. PAR is a unique G-protein coupled cell surface receptor that carries its ligand and remains inactive until unmasked by proteolytic cleavage by the TF-factor-VIIa complex \[[@bib0335]\]. Thrombin mediated PAR activated platelets undergo a morphological transformation, release platelet activators such as serotonin, adenosine diphosphate (ADP), thromboxane A2, translocate cell adhesion molecule P-selectin and CD40 ligand on the surface of platelet along with activation of the integrin aIIb/b3 receptor \[[@bib0335]\]. The released thromboxane A2 and ADP trigger activation of neighbouring platelets via thromboxane receptor and P2Y12, respectively \[[@bib0340]\]. Activated aIIb/b3 on platelets\' surface binds with von Willebrand factor (vWF) and fibrinogen that contributes to platelet aggregation \[[@bib0335]\]. Activated endothelium cells following PAR signalling also exposes cell adhesion molecules (E-selectin, P-selectin, ICAM-1 and VCAM-1) and expresses monocyte chemo attractant protein-I, that facilitates recruitment, adhesion, and migration of leukocytes and platelets during viral infection \[[@bib0345]\]. Adherent leukocyte-platelets interaction provides positive feedback to amplify the overall inflammatory response and pro-coagulation events \[[@bib0345]\]. These events are prothrombotic, which further contributes to blood clot formation ([Fig. 3](#fig0015){ref-type="fig"}).

Along with cytokine storm, oxidized phospholipids (OxPLs) also participate in the coagulation cascade via the TLR-4 receptors present on the monocytes and endothelium cells. OxPLs concerned as PAMs patterns that are recognized by numerous conserved pattern-recognition receptors \[[@bib0095]\]. In an experimental model of acute lung injury, OxPLs triggered cytokine storm release via TLR4-TRIF-TRAF6-NF-​κB pathway. IL-6 further promoted TF expression on monocytes and activated the endothelium cell to express monocyte adherent protein for their requirement, which finally participated in inflammatory events \[[@bib0095]\]. Thrombotic complications can be reduced in pre-existing metabolic and cardiovascular disorders in COVID-19 patients by interfering with the OxPLs activated monocyte or endothelial cell \[[@bib0180]\]. Additionally, during inflammation, the natural anticoagulant pathways such as TF pathway inhibitors or antithrombin are nearly diminished, subsequently facilitating coagulation cascade \[[@bib0345]\].

6. Gsk-3 and SARS-CoV-2 infection {#sec0040}
=================================

The virus has to undergo many complex processes that are tightly regulated to infect a host cell. It begins with viral genomic RNA entry into the host cytosol, transcription, and finally budding off as viral progeny. These viral progenies are similar to their parent in morphology and function that consists of 4 structural proteins, spike (S) protein, envelop (E) protein, matrix (M) protein and nucleocapsid (N) protein \[[@bib0350]\]. The N protein of severe acute respiratory syndrome coronavirus is the most abundant protein existing in an infected host cell among all other proteins.

Protein sequencing also revealed that N protein is highly conserved among the species, which consists of 3 domains, including the N-terminal domain (NTD/domain 1), C-terminal domain (CTD/domain 3) and linker region (LKR/domain 2). N-terminal domain enriched with positive charge amino acids, which is responsible for binding with viral RNA. Whereas, C-terminal domain mapped between 373 and 390 amino acids is enriched with lysin, thought to be responsible for nuclear localization signal \[[@bib0355]\]. The C-terminal domain of the N protein is also responsible for protein dimerization. Both the domains of N protein i.e., domain 1 and domain 3 are linked to each other through linker region (domain 2) that consists of serine-arginine motif, responsible for the multimerization of the N-protein \[[@bib0360]\] and predicted as a hot spot region for phosphorylation. In brief, N-protein divided into three main domains that play diverse functions during different stages of the virus life cycle. N-protein is a type of capsid protein whose primary function is to pack the virus\'s genomic RNA into the protective covering.

Interestingly, to perform such activity, N-protein should recognize the viral genomic RNA, associate with it, and finally, oligomerize by self-association to form capsid or nucleocapsid. Protection of viral genome, timely replication, and proper transmission is the capsid\'s primary function \[[@bib0355]\]. N-protein also inhibits host cell proliferation and cytokines by interacting with elongation factors 1α, resulting in a halt of translation mechanism \[[@bib0365]\]. Moreover, the N-protein of SARS-CoV also hijacks the host innate immune system for the progress of new viral progeny and associated disease development. Post-translational phosphorylation of the virus N-protein is essential for their activity, which results in an increased affinity of N-protein toward virus RNA rather than non-viral RNA \[[@bib0370]\]. Gsk-3 found to be an essential kinase responsible for the phosphorylation of N-protein on the serine residue in linker-region \[[@bib0370]\] ([Fig. 4](#fig0020){ref-type="fig"} ). SARS-CoV infected VeroE6 cells showed an 85 % reduction in viral titer and cytopathic effects following the treatment of Gsk-3 inhibitor kenpaullone and lithium chloride, thus suggested phosphorylation by this kinase be strongly linked with the viral replication \[[@bib0370]\]. Several sub-genomic mRNAs synthesized due to discontinued transcription mechanisms during the coronavirus replication, which encodes major structural proteins \[[@bib0375]\]. Transcription regulating sequence (TRS) responsible for the discontinuous transcription process exists in front of each gene (body TRS) and after the leader sequence (leader TRS) \[[@bib0380]\]. Template-switching events happen via base pairing between the body TRS and leader TRS to synthesize the discontinuous minus-stranded RNAs. Discontinuous nested plus-strand sub-genomic mRNA transcribed from the previously generated minus-stranded RNAs \[[@bib0385]\]. This discontinuous transcription mechanism tightly controlled for the successful compilation of the virus life cycle. Among all the structural proteins, N-protein tightly regulates the discontinued transcription mechanism as the synthesis of sub-genomic mRNA is reduced following the N segment\'s deletion from the replicon \[[@bib0390]\]. The studies showed that phosphorylated N-protein at ser^197^ via Gsk-3 interacts with the DDX1 RNA helicase to participate in discontinues to a continuous process of virus replication \[[@bib0040]\]. Moreover, phosphorylation of N-protein at the serine-arginine motif also inhibits the translational machinery of the host cell \[[@bib0395]\] and interferes with antiviral response signalling. All this evidence suggested that Gsk-3 protein plays a crucial role in the virus life cycle and interrupts host-defence mechanisms for the infection progression.Fig. 4Putative role of Gsk-3 in the SARS-CoV-2 replication and COVID-19 pathogenesis.Activated Gsk-3 phosphorylate the nucleocapsid protein of SARS-CoV-2 and support viral genome replication and transcription. Simultaneously, activated Gsk-3 also phosphorylate and degrade the significant oxidative stress combating transcription factor Nrf2, resulting outburst of different reactive oxygen species. Circulating DAMPs and PAMPs bind with TLR4 and stimulate the pro-inflammatory cytokine synthesis via Myd88 dependent pathway. β-catenin is a downstream protein of Gsk-3, phosphorylate the p50 sub-unit of NfκB, altered their DNA binding ability, and suppresses inflammatory events. CREB is another transcription factor that initiates the expression of anti-inflammatory genes to overcome the disease condition. During virus infection, activate Gsk-3 degrade the β-catenin protein and phosphorylate the CREB, consequential, lost CBP binding site, and enhances pro-inflammatory cytokine synthesis, especially IL-6. LiCl and Tideglusib are the two well-known non-selective metal cation and non - ATP competitive inhibitors of Gsk-3.**SARS-CoV-2:** Severe acute respiratory syndrome coronavirus 2; **N-protein:** Nucleocapsid protein; **sgmRNA:** Subgenomic messenger RNA; **DAMPs:** Death- associated molecular pattern; **oxPls:** Oxidized phospholipids; **TLR:** Toll like receptor; **Gsk-3:** Glycogen synthase kinase; **Keap1:** Kelch-like ECH-associated protein 1; **Nrf2:** nuclear factor erythroid 2--related factor 2; **Cul3:** Cullin 3; **CREB:** cAMP response element-binding protein; **CBP:** CREB binding proteins; **ARE:** Antioxidant Response Element References; **Myd88:** Myeloid differentiation factor 88; **IRAKs:** Interleukin (IL)- 1R-associated kinase; **TRAF6:** Tumour necrosis factor receptor associated factor 6; **TAK1:** Transforming growth factor-β (TGF-β)-activated kinase 1; **IκB:** Inhibitor of kappa B; **TIRAP:** TIR-domain-containing adaptor protein; **LiCl:** Lithium chloride.Fig. 4

As described, ROS\'s overproduction and alteration in antioxidant mechanisms are mainly responsible factors for the viral replication and development of associated conditions \[[@bib0030]\]. Nrf2 is a transcription factor responsible for combating the oxidative stress by upregulating antioxidant genes that consist of ARE in their promoter \[[@bib0035]\]. The respiratory syncytial virus-infected Nrf2 knockout mice showed severe infection and increased viral titer, enhanced mucous secretion, inflammation, and epithelium injury compared to the wild type mice \[[@bib0400]\]. Besides, influenza-infected Nrf2 knockout mice, following cigarette smoking, could not combat oxidative stress and showed higher mortality compared to wild-type strain due to higher secretion of mucous and peri bronchial inflammation \[[@bib0400]\]. Similarly, the direct correlation of oxidative stress markers with SARS-CoV infection is remarkably observed in various animal model systems \[[@bib0400]\]. Gsk-3β, a direct upstream regulator of Nrf2 found to be active in numerous virus-infected cells. It also participates in disease progression by supporting the replication process or inhibiting the host defence mechanisms \[[@bib0405]\]. Active Gsk-3β phosphorylates Nrf2 on serine reside of Neh6 domain that finally gets degraded by cullin-1/Rbx1-mediated ubiquitination process, and provokes oxidative stress \[[@bib0035]\]. HO-1 expression was also significantly upregulated following Gsk-3β inhibition in Huh 7.5.1 hepatocytes infected with JFH1 hepatitis C virus (HCV) \[[@bib0410]\]. These literature findings strongly support the role of Gsk-3 in oxidative stress following viral infection ([Fig. 4](#fig0020){ref-type="fig"}).

Gsk-3 involvement is not only restricted up to oxidative stress, but it also provokes systemic inflammation for disease progression by synthesizing the pro-inflammatory molecules such as IL-6, IL-1β, IL-18, IFN-γ and TNF-α \[[@bib0405]\]. Gsk-3β mainly participates in inflammatory reactions via TLRs \[[@bib0415]\]. TLRs are a type of pattern recognition receptors that responds to PAMs released by the virus-infected cell. Corona virus-infected organism shows a significant upregulation of OxPLs, which act as PAMs. OxPLs induces the production of pro-inflammatory cytokines by translocation of NF-​κB from the cytosol to the nucleus via TLR4--TRIF--TRAF6 pathway \[[@bib0030]\]. β-catenin protein, a direct downstream target of Gsk-3β, forms a complex with both the units of NF-​κB, alters its DNA binding activity that ultimately inhibits inflammatory cascade. Activated Gsk-3β phosphorylates β-catenin protein for proteasomal degradation that directly promotes the inflammatory events \[[@bib0420]\]. In a study, it found that Gsk-3β directly phosphorylated P65 unit of NF-​κB at ser^276^, enhanced CBP-P65 interaction, followed by transcription of pro-inflammatory gene expression \[[@bib0425]\]. Activated Gsk-3β also reduced CREB-DNA interaction via phosphorylation at Ser^129^ residue on CREB protein that resulted in NF-​κB binding with CBP, which enhanced the expression of IL-1β and TNF-α and reducedIL-10 \[[@bib0035]\] ([Fig. 4](#fig0020){ref-type="fig"}).

7. Gsk-3 pathway modulators and SARS-CoV-2 infection {#sec0045}
====================================================

Gsk-3 shows a remarkable impact on numerous physiological processes and plays a crucial role in the pathogenesis of various clinical conditions. Lithium is a non-selective metal cation most frequently used as a Gsk-3 inhibitor to treat patients diagnosed with mood and bipolar disorders ([Fig. 4](#fig0020){ref-type="fig"}) \[[@bib0405]\]. A study found that lithium chloride (LiCl) treatment helped overcome the transmissible gastroenteritis coronavirus infection in porcine \[[@bib0430]\]. Similarly, replication and entry of porcine epidemic diarrhea virus (PEDV) in the Vero cells also reduce following the LiCl treatment \[[@bib0435]\]. LiCl treatment also protects from the coronavirus infectious bronchitis virus in avian by suppressing the synthesis of genomic RNA and sub genomic mRNA without affecting the host translation mechanisms \[[@bib0440]\]. To date, the interaction of lithium carbonate with the recently exercised antiviral drugs (viz. ribavirin, ritonavir, and lopinavir) employed against SARS-CoV-2 has not been revealed \[[@bib0445]\]. Tideglusib is another non-ATP competitive inhibitor belonging to the thiadiazolidinone class of drugs, characterized by irreversible Gsk-3 inhibition, which initially designed to treat Alzheimer\'s disease (AD) ([Fig. 4](#fig0020){ref-type="fig"}). Treatment of tideglusib improved the process of adult neurogenesis via enhancing the cascade of proliferation in the stem cell pool, differentiation, migration, and maturation both in in vitro and in vivo studies \[[@bib0450]\].

Moreover, thiadiazolidinone treatment in the double transgenic mouse model of AD showed improved memory formation via preventing hyperphosphorylation of tau protein, reactive astrogliosis, and reduced Aβ plaque disposition via modulating the CREB signalling \[[@bib0455],[@bib0460]\]. A study also showed potent antiviral activity of thiadiazolidinone against COVID-19 in cell-based assay \[[@bib0465]\]. Safety and efficacy of tideglusib already proved in phase II clinical trial in AD patients \[[@bib0470],[@bib0475]\]. In a randomized trial, tideglusib treatment also presented an improved condition in the patients who have progressive supranuclear palsy via reducing the atrophy in the brain\'s different regions \[[@bib0480]\]. Clinical trial II/III for tideglusib announced in 2020 after evaluating the pharmacokinetic activity, safety, and efficacy in the myotonic dystrophy affected patients in 2018. Although these indirect and direct targeted effects could prove to be the potential success of GSK-3 inhibition in reference for the treatment of COVID-19, yet all the risks must be keenly and precisely understood before the administration of any treatment.

8. Conclusion {#sec0050}
=============

This review provided a direct link of Gsk-3 with SARS-CoV-2 infection, involving regulation of SARS-CoV-2 genome transcription and defeating host defence mechanisms. Hyperinflammation and oxidative stress are the two significant factors responsible for the development of ARDS in COVID-19 patients. Activated Gsk-3 directly phosphorylates nucleocapsid protein of the virus that further helps in viral progeny formation. Simultaneously, activated Gsk-3 supports NF-κB signalling, resulting in oxidative burst and cytokine storm. In the present scenario, the strategies employed for the management of COVID-19 targets either pathogen or host, but has low succeeding rate as both the events are transpiring synchronously.

Moreover, the virus has a very high mutation rate, while vaccines are designed only against specific strains, increasing the chances of failure. Alternately, targeting Gsk-3 may be a better option as it is an evolutionarily conserved protein, and is involved in host-pathogen interaction. Its many indirect inhibitors used to cure other pathological conditions, while direct inhibitors are in clinical trials. In order to overcome the difficult circumstances of the COVID-19 outbreak, Gsk-3 apprehended as a striking target. In the process of curbing the pandemic, Gsk-3 can act as a potent therapeutic attribute. Thus necessary efforts must be taken to devise comprehensive and in-depth research towards this target.
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